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Abstract

Composites have the ability to combine the individual properties of constitutive
components, generating a unique material with properties suitable for a particular
purpose. This study aims to develop a polymeric reinforced composite material,
which is antistatic and light. Polyaniline (PAni) is one of the most studied
conductive polymers due to its ability to exist in a large number of intrinsic
redox states. The possibility of carrying out PAni synthesis on vegetable fibres
and incorporating this in polymeric matrices, such as polyamide-6, enables the
production of antistatic reinforced materials. In this work, curaua fibres were
chemically treated with polyaniline doped with p-toluene sulfonic acid and
processed with polyamide-6 in a twin-screw co-rotating and interpenetrating
extruder. The microstructures of the neat curaua fibres and polyaniline coated
curaua fibres were characterized by X-ray diffraction (XRD) measurements.
Scanning electron microscopy was employed to observe the distribution and
morphology of the PAni nanoparticles. The oxidation states of PAni were
evaluated by X-ray photoelectron spectroscopy. X-ray diffraction combined with
microscopy analyses of PAni synthesized without a substrate, showed crystalline
components embedded into amorphous regions in the sample, while the PAni
synthesized on the fibres showed a lower degree of crystallinity. The XPS
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analysis shows that the PAni synthesized on the fibres is in the emeraldine salt
form.

Keywords: coating, short-fibre composites, surface treatments, photoelectron
spectroscopy, extrusion, degree of crystallinity.

1 Introduction

Hybrid materials, such as conducting polymer/polymer composites, are a good
way to combine the enhanced properties of the components, namely, the
mechanical strength of the reinforced polymeric matrix, and the electrical
conductivity of the conducting polymer. Polyamide-6 (PA-6) is an insulating
matrix that generates accumulation of static electricity on its surface. The surface
coating of an insulating polymer matrix, as PA-6, with a conducting polymer like
polyaniline (PAni), may decrease the surface electrical resistance promoting a
fast dissipation of a static charge accumulated at the surface [1]. The addition of
antistatic agents, however, has a significant effect on the properties of the
product, especially mechanical properties [2].

Antistatic materials have very diverse technological applications. Their main
purpose is to dissipate static electricity that can accumulate on the surface of a
polymer, reducing the risk of sparks. Previous studies have shown that curaua
fibres may act as a reinforcing agent for thermoplastic matrices, such as
polyethylene [3, 4], polypropylene [5] and polyamide-6 [6, 7]. There are
numerous studies in the literature reporting the electrical properties of
polyaniline emeraldine salt [§—10], as well as its application in blends [11, 12],
but there are few studies about composites constituted of vegetal fibres and
conducting polymers [12—15].

Polyamide 6 (PA-6) is one of the most important engineering polymers
manufactured in large quantities, for various applications and in various forms,
such as fibres, films, and plastics. PA-6 accounts for a majority of the
commercial production and application of polyamide [16]. Composites of
polyamide-6 (PA-6) reinforced with curaua fibres were studied for the first time
by Santos ef al. [6] aiming at glass fibre replacement. These authors reported that
the reinforcement effect in PA-6 was obtained with 20 wt% of curaud fibres, if
suitable processing equipment and conditions are used. The modification of the
surface of curaua fibres with polyaniline nanoparticles was performed for the
first time by Souza ef al. [13], through the in situ preparation of the polyaniline
in the presence of the curaud fibres. The incorporation of PAni on the fibres
allowed 2500 times increase in the electrical conductivity of the fibres. Blends of
PAni and PA-6 were also prepared by Schettini et al. [12] with the purpose of
comparing the casting and the in situ polymerization methods. These authors
reported that the conductivity values for the blends prepared by both methods are
in the range of antistatic materials.

In the previous work it was demonstrated that polyaniline coated curaua
fibres (CF-PAni) are efficient to promote conductivity in a composite with
polyamide-6 prepared in a mini-extruder [7]. This study showed that the
percolation threshold can be obtained with a very low content of PAni on
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the fibres (1-2 wt%) and, with 12 wt% of PAni, the conductivity of a composite
is quite similar to the conductivity of pure PAni.

Due to the proven efficiency of curaud fibres in promoting the reinforcement
effect, more advantageous in relation to other vegetal fibres, and the proven
ability of the polyaniline coated curaua fibres to promote good electrical
properties in PA-6 composites, the aim of this study is to evaluate how
polyaniline, and the polyaniline coated curaud fibres, affect the microstructural,
morphological and thermal properties of PA-6 and pristine curaua fibres. The
oxidation state of the PAni was judged from XPS measurements that allowed
the determination of the percentage of amine, imine and charged nitrogens
present in the conducting polymer. The choice of the amount of polyaniline on
the curaua fibres (12 wt%) was based on a previous work in which the optimal
results for mechanical and electrical properties were obtained [7].

2 Material and methods

2.1 Materials and reagents

Polyamide-6 (Nylon - MAZMID C 380, Mazzaferro Ind. e Com. de Polimeros e
Fibras), aniline (Vetec, 99%), p-toluenesulfonic acid, p-TSA, (Merck, 99%),
ammonium persulfate (Synth, 98%) and heptahydrated copper sulfate (Synth,
99%) were used in this work. The curaud fibres were supplied by Embrapa-PA
(Belém do Para-Brazil), milled in a three knife rotary mill (Rone, NFA 1533),
extracted with acetone in a Soxhlet apparatus for 48 hours and dried at room
temperature. The extraction aims to eliminate part of the lignin and promote
fibrillation of the microfibril bundles. The average fibre length was calculated by
the “Image Pro6-Plus” software for image treatment, with a sampling of 400
fibres. The fibre length varied from 3 to 7 mm.

2.2 Synthesis of polyaniline coated fibres on a pilot-plant scale

The modification of the fibres with polyaniline doped with p-toluene sulfonic
acid was done using a 10 L glass reactor with a cooling jacket and equipped with
a mechanical stirrer. The procedure was adapted from a previous paper [17]:
300 g of milled fibres were added to an aqueous solution of p-TSA (1 mol L™
and aniline (0.2 mol L™). The resulting mixture was kept under constant stirring
for 1 hour at room temperature. Thereafter, 2 L of an aqueous solution of
(NH4),8,04 (0.3 mol L) and p-TSA (1 mol L") was added dropwise and the
mixture was kept under mechanical stirring at -5°C by pumping a cooling
solution through the reactor jacket. After this time the medium became green and
the resulting mixture was removed from the reactor using a valve at its bottom,
filtered and the modified fibres were washed with a 2:5 (v/v) water: ethanol
solution.

2.3 Formulations
The amount of PAni coated on the fibres was calculated using the results

provided by CHN (carbon, hydrogen and nitrogen) elemental analysis [7], with
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the content of PAni calculated as percentage of nitrogen in the CF-PAni after
subtracting the percentage of nitrogen in pure curaud fibre. Then, this result was
compared with the percentage of nitrogen in pure PAni. The evaluated PAni
contents on the curaua fibres were 12 wt%. PA-6/CF-PAni composites were
prepared with 95 wt% of PA-6 and 5 wt% of conducting curaua fibres.

2.4 Processing conditions

Before processing, the PA-6 was dried in a vacuum oven at 120°C for 4 h and the
modified fibres were dried in a vacuum oven at 60°C for 2 h. Composites were
processed in a co-rotating intermeshing twin-screw extruder (ZSK 26 Mc,
Coperion Werner and Pfleiderer, Germany, L/D = 44). The used temperature
profile (from feed to die) was 200-220°C with a screw rotation of 300 rpm. The
PA-6 matrix was fed using a gravimetric dosimeter (5 kg/h) connected to the
main feeding funnel whilst the fibres were fed using the side-feeder at a rotation
speed of 250 rpm. The processing time for 1 kg of material was 12 min.
Degassing was used during processing.

2.5 X-ray diffraction

In order to obtain the structural and microstructural information about the PA-6
composites and respective components (pristine curaua fibre, PAni coated curaua
fibre and PA-6), X-ray diffraction measurements were carried out. The wide
angle X-ray diffraction patterns were collected on a Bruker AXS D8-Focus
diffratometer in reflection Bragg-Brentano geometry, using Cu Ko (Ni filter)
with 20 step of 0.02° and acquisition time of 15 s/step. In order to calculate the
degree of crystallinity of the initial and modified fibres, the diffraction patterns
were decomposed on crystalline and amorphous components using TOPAS-
Academic software [18]. Two diffraction peak profiles were described by two
independent pseudo Voigt functions. The amorphous component was modelled
by a split pseudo Voigt function. All parameters of the fitting functions were
allowed to vary.

2.6 X-ray photoelectron spectroscopy (XPS)

XPS analyses were performed in an ultra-high vacuum station (analysis chamber
pressure of 10™'” mbar) using a dual anode X-ray source (Al = 1486.7 Ko eV). A
spectrum energy calibration was performed with respect to the carbon 1s peak
(binding energy of 284.6 eV). PAni was analysed in the form of a film deposited
by casting using the solvent NMP (n-dimethyl pyrrolidone). The polyaniline
coated curaua fibres and PA-6 composites were analysed in pellet form (ca.
1.2 cm of diameter and 0.5 mm of thickness) prepared by applying a pressure of
1.2 MPa.

2.7 Scanning electron microscopy (SEM)
SEM images were collected in a Nova Nanolab 600 dual beam microscope at

5 keV accelerating energy and current of 50 pA.
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3 Results

3.1 X-ray diffraction (XRD)

X-ray diffraction is routinely used for the determination of relative
crystalline/amorphous phase content (degree of crystallinity) in a mixture of
polymeric compounds [19, 20].

The basic approach to calculation of a degree of crystallinity from X-ray
diffraction data is to find a ratio of an integrated intensity of crystalline phases to
an integrated intensity of a whole sample. In a sample with completely random
orientation of crystallites, the area under the peaks in a diffraction pattern is
directly proportional to the integrated intensity [21]. Estimations of the relative
crystalline/amorphous phase content was done with the help of eqn (1), in which
A, is the area of diffraction peak related to an amorphous component and A, is
the residual area below Bragg peaks of the crystalline phases.

X=— 2 100% (1)
A+ A4

c a

The diffraction patterns collected from the samples of curaua fibres and from
PAni coated curaua fibres are shown in fig. 1 a)-b). Lower diffraction intensities
and broader diffraction peaks are observed in the case of pure fibre sample. This
can be explained primarily by a lower compaction density of fibres compared to
PAni coated fibres in a sample holder. As a consequence, a smaller overall
amount and an effectively thicker layer of a sample, which introduces higher
geometrical aberrations, are probed by X-rays in the case of the pure fibre
sample. Nevertheless, one can see an excellent agreement between the two
diffraction patterns indicating the proximity of structural properties of the fibres.
The main features in the diffraction patterns are similar to the ones observed in
cellulosic fibres [22] and consistent with the Ig polymorph of a cellulose [23, 24].
A significant amorphous background is superimposed with diffraction peaks. In
addition to the above features, weak diffraction peaks can be observed in the
diffraction pattern of curaua fibres (fig. 1a)). These peaks may come from the I,
polymorph of cellulose which converts to Ig phase during the coating by PAni
[24]. As one can see from table 1, the process of coating of fibres does not alter
their degree of crystallinity.

The diffraction patterns of the initial PAni sample exhibited a mixture of
ordered crystalline and amorphous phases (fig. 1b). The diffraction peaks of
PAni were not observed after coating in the diffraction pattern of PAni coated
fibre (fig. 1b)). The small amount of overall PAni phase relative to the fibre
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amount, and a conversion of the crystalline PAni phase to the amorphous one
during the coating process can be responsible for this result. The transformation
of crystalline PAni phase to an amorphous structure should reduce the electrical
conductivity of PAni, since crystalline domains are considered the primary
factors providing its high electrical conductivity [22, 23]. Indeed, the electrical
measurements of PAni showed lower conductivity of the PAni phase on fibre
than the initial PAni phase used for coating [7].

Table 1: Crystallographic data and fitting parameters obtained to the pristine
curaua fibres and polyaniline coated curaua fibres.
Curaua fibres Polyaniline coated curaua
fibres
o % FWHM o % FWHM

Phase/Peak | 20 (°) phase ©) X |20(° phase ©) X

o 14.98 9 3.53 14.83 8 2.25

oy 16.19 21 4.47 16.42 17 2.81

o3 2244 | 23 1.94 53 22.56 | 20 1.63 50

Oy - - - 34.42 4 1.87

Os - - - 36.44 1 5.88
amorphous | 21.36 47 5.05 21.50 50 491

3.2 X-ray photoelectron spectroscopy (XPS)

The doping ratio of PAni

samples can
(sulphur/nitrogen) ratio. XPS survey spectra, is able to measure, at the same
time, nitrogen and sulfur content (only at the sample surface) through the peak

be calculated by the S/N

WIT Transactions on The Built Environment, Vol 137, © 2014 WIT Press
www.witpress.com, ISSN 1743-3509 (on-line)



High Performance and Optimum Design of Structures and Materials 595

area for each element, N 1s (~399 eV) and S 2p (~168 eV), respectively,
fig. 2a)—c). The doping ratio (S/N) found by XPS analyses were 0.33 and 0.25
for PAni and CF-PAni, respectively. These values are in agreement with a 1:4
sulfur/nitrogen ratio, suggesting a good doping level.

Imine, amine and positively charged nitrogen atoms (N") contents present in
the PAni samples may be determined quantitatively using X-ray photoelectron
spectroscopy by decomposition of the peak corresponding to N 1s at 398.6
(imine, -N=), 399.3 (amine, -NH-) and 401.0 and 402.6 eV (positively charged
nitrogen, -N="and -NH-") [25].

N 1s peak of the polyaniline emeraldine base form should be decomposed
into two Gaussian curves of the same area, and with binding energies of 399.3
and 398.6 eV, corresponding to the amine and imine groups, respectively [11].
However, after doping the polyaniline emeraldine base with protonic acids, as
TSA, a reduction of the amine peak occurs and, simultaneously, the appearance
of a shoulder in the region of higher binding energies (above 400 eV),
corresponding to the positively charged nitrogen atoms. On the other hand, PAni
in leucoemeraldine form (reduced form), should present only a single peak for
the nitrogen 1s (amine), with a binding energy of approximately 399.4 eV. In
fig. 2d), it can be observed that the PAni synthesized without a substrate
presented 54% of aminic nitrogen, 26% of iminic nitrogen and approximately
20% of N" species. The low content of iminic nitrogens suggests a high doping
level of PAni [13].

N 1s peaks of a CF-PAni sample consisted of the nitrogen peaks characteristic
of PAni (imine, amine and positively charged nitrogens) and peaks related to a
chemical bonding between PAni and cellulose components (fig. 2e)). The oxime
linkage (C=N-OH) appeared at 403.7 eV and corresponds to hydrogen bonding
between PAni and cellulose chains [26]. The peak at 404.6 eV corresponds to
nitrite groups (ONO), and the peak positioned at 406.5 eV corresponds to nitrate
groups. Qaiser et al. [27] reported that the disappearance of NO, peaks in a
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Figure 2: XPS survey spectra for: a) PAni and (b) CF-PAni, and c¢) composite
95PA-6/5CF-PAni; high resolution N 1s XPS spectra for d) PAni,
and e) CF-PAni.
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cellulose ester microporous membrane covered with PAni shows the extent of
coverage of the surface with PAni.

Analysing the results of table 2, it is interesting to observe that the PAni
synthesized on the fibres surface is in the emeraldine salt form because the
proportions of amine and iminic nitrogens are quite similar (12.3 and 13 at%,
respectively). The high content of positively charged nitrogens (15 at%) shows
the high doping level of the PAni on the fibres, that corroborates with the high
conductivity results of this sample (1.6 S cm™) [4].

Table 2: Summary of nitrogen species present in PAni and CF-PAni
samples, as determined by XPS.
Sample PAni CF-PAni
Binding Binding
I}lili Species | energy | FWHM (’;‘:) energy | FWHM ({;:)
(eV) (eV)
N1 =N- 398.6 14 26.0 398.0 2.5 12.3
N2 -NH- 399.3 1.6 54.2 399.7 2.5 13.0
N3 =N-" 401.0 2.0 8.3 401.4 1.9 6.4
N4 | -NH-" 402.6 1.8 11.5 402.4 1.9 8.6
N5 - - - - 403.7 1.8 17.5
N6 - - - - 404.6 2.4 31.6
N7 - - - - 406.5 2.9 10.5

3.3 Scanning eletron microscopy (SEM)

Polyaniline, in emeraldine salt form, exhibits the conductivity of the order of 1-
400 S cm™ [28]. Its structure is formed by crystalline/organized regions around
amorphous regions [29]. The coexistence of these two phases can be observed in
fig. 3a). This result is consistent with the high electrical conductivity values
observed for the PAni synthesized in this work (1.15 S cm™) [7].

In the micrography of PAni crystalline region (fig. 3b)), it is possible to
observe PAni crystallites of a regular form with some crystallites at the
nanometer scale (100-400 nm). This structural organization favours the hopping
electrical conduction mechanism in which the carriers can tunnel from one
crystallite to another through the amorphous regions. The micrography of the
PAni supported on the curauad fibre shows higher amorphous contents than
crystalline regions (fig. 3¢)). This observation is consistent with the XRD pattern
of the CF-PAni (fig. 1b)) where PAni crystalline peaks were not observed.

In the image of the 95PA-6/CF-PAni composite (fig. 3d)), an increase in the
adhesion at the fibre-matrix interface is observed. SEM results are in agreement
with the assumption that PAni is responsible for enhancing the fibre-matrix
interaction through the formation of hydrogen bonds (previously shown by XPS
results). The partial hydrolysis of PA-6 during extrusion produces carboxylic
chain end groups that will interact with the amine groups of PAni by acid-base
interactions, increasing the interfacial adhesion.
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Figure 3: SEM images where: a) PAni doped with p-TSA showing
amorphous and crystallines regions, b) PAni doped with p-TSA,
showing only the crystalline region, c) polyaniline coated curaua
fibre, and d) 95PA-6/5CFPAni composite.

4 Conclusion

PAni coatings of curaud surfaces are efficient ways to prepare composites with
good electrical and mechanical properties, as already shown in a previous paper
[7], without effluent generation and using large scale production (extrusion and
injection moulded).

The X-ray diffraction combined with microscopy analyses of PAni
synthesized without a substrate, showed crystalline domains embedded into
amorphous regions in the sample, while the PAni synthesized on the fibres
surface showed an apparent amorphization of PAni. XPS analysis showed that
the PAni synthesized on the fibres was in emeraldine salt form, which
corroborates with the good conductivity results observed for this sample [7]. The
composite with 5 wt.% of PAni presented good fibre-matrix adhesion caused by
the hydrophilic character of all components (PAni, PA-6 and curaua fibres).
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